The fibre Raman laser provides a simple, yet versatile, wavelength flexible source that extends from the ultraviolet to the infrared [1 -31. Under pulsed pumping, although the effective length of the interaction can be limited by the phase-matching criterion between the fundamental pump and the generated Raman signal [4] , the generation of many cascaded Raman orders is possible as a result of the high peak powers, and wide wavelength diversity and tunability are available from a single pump wavelength [5] . Under CW pumping, the effective interaction length is limited by the inherent loss of the fibre. However, with the majority of the linear cavity configurations or single-pass generation techniques that have been used to date, the number of generated Stokes orders is severely limited [6] , consequently wavelength selectivity has been limited and further restricted by the availability of fundamental pump sources of adequate average powers.
The introduction of resonant, cascaded, all-fibre geometriies that utilise fused couplers [7] or Bragg gratings [8] has enhanccd conversion efficencies and allowed extended wavelength availability in CW operation. It is therefore possible to obtain considerable wavelength operation with only a few different fundamental pump sources. Of particular interest are medium-power CW sources in the wavelength range 1 . 6 -2 . 0~; they are of relevance, for example, to the pumping of widely tunable Cr2+-doped solid state crystal lasers of Wurtzite structure. the efficient excitation of Tmi--based lasers and have applications in spectroscopic analysis. This can be achieved employing colour centre lasers; however, the cryogenic operation and relative expense of these systems are notable negative aspects. Highly efficient, room-temperature, mini solid-state laser pumped or diode-laser pumped Yb3+: Er3+ fibre lasers are commercially available, with average powers well in excess of 1 W around 1 . 5 5~ (for example, the IRE-Polus EAD 1000). These provide attractive fibre pump sources, and are readily compatible for the efficient pumping of resonant, cascaded fibre Raman lasers. Here we report the application of such a technique for the generation of laser radiation in the spectral region 1.6-1.9p-n.
The experimental configuration is shown in Fig. 1 , consisting of two principal sections, namely the fundamental fibre laser source (part 1, positions A to D) and the fibre Raman ring laser (part 2, positions E to 0). A CW Ndi+:YAG laser was used to puimp the Yb3 -:Er3 ' fibre laser, which in turn acted as the fundamental pump source for stimulated Raman scattering. The Yb3+:Er3' fibre laser was 30m long, with active ion concentrations of 10000 and 300ppm respectively, and exhibiting an active loss of 35dB/m. For 5W pump power at 1 . 0 6~ coupled into the simple Yb3+:Er3-fibre laser formed by a broadband 100%) reflector at 1.55~11 optically contacted at position A and the 4% Fresnel reflection from 
Fig. 1 E.~jwii~7eiztal corzfigumtion
the cleaved output face of the Yb3+:Erii fibre (point C), in excess of 1 W was obtained at 1 . 5 6 5~. For the length of Yb3+:Er7-' fibre employed, the pump radiation was completely absorbed.
The Raman fibre laser (positions E to 0) was constructed from an in-house manufactured WDM fused fibre coupler (WDM2) u-hich combined 1.56 and 1 . 6 4~ while allowing high transmission (position 0) around 1 . 8 1 p , the nominal wavelengths of the fundamental, first and second Stokes Raman, respectively. The pump radiation was coupled into the fibre Raman laser, employing a fused coupler with a large splitting ratio, with the high transmission port coupled to the fibre Raman laser at position E. A broadband nominally 100% reflector was optically contacted to the low transmission port D. Alternatively, the positions A and D were fused coupled together in a ring configuration. By examining the generated Raman power, the optimum splitting ratio of the coupler was determined to be 98:2. A 2.3km long fibre was employed in the fibre Raman laser, which had an 18% Ge doping in the core and an effective spot size of 8 p n . Fig. 2 shows a representative spectrum obtained at the output 0 for a Nd3-:YAG pump power of 5W. Broadband generation of the first and second Stokes components can be seen centred on 1.63 and 1 . 8 6~ respectively. An average output power of lOOmW was measured; however, it should be noted that in employing WDM2 the output coupling of the first Stokes radiation is low, although up to 70% of the output signal was obtained in the first Stokes band and 15% in the second Stokes band. An overall conversion efficiency to the second Stokes signal of up to 2% was achieved. By breaking the Raman fibre loop at point F it was noted that at the power levels and fibre lengths employed, single pass generation of the first Stokes radiation was not achieved; consequently, operation is considerably enhanced by the resonant ring geometry.
In conclusion we have demonstrated a relatively simple, roomtemperature operating, resonant cascaded fibre Raman laser that provides a broad band CW output between 1.56 and 1 . 9 5~. We believe this is the first report of a CW fibre Raman laser olperating in this spectral region. This laser was pumped by an integrated Yb3+:Er3' fibre laser, which in turn can be pumped either by a compact mini all-solid-state Nd-based laser or laser diodes. Through opthising the fibre lengths employed and output coupling ratios, a considerable increase in the output power levels should be achieved. Under optimum pump conditions, 60mW of green laser output coi-responding to a conversion efficiency 6% was obtained from a self-frequency-doubling NYAB crystal when pumped by a 1 W fibre-coupled laser diode. The prospect of higher conversion efficiency is also discussed.
~~
Neodymium yttrium alunlinum borate (NYAB) has a number of desirable features that make it an attractive material for a diode pumped compact green laser system. The self-frequency-.doubling CW NYAB laser end-pumped by a diode laser has been realised in several laboratories [ 1 -41. However, the conversion #efficiency never exceeded 3% in these investigations. In this Letter we demonstrate a highly efficient fibre-coupled diode end-pumped NYAB laser. Under optimum pump conditions, 60mW of green laser output corresponding to a conversion efficiency 6% was obtained from a self-frequency-doubling NYAB crystal when pumped by a 1 W fibre-coupled laser diode.
ELECTRONICS LETTERS 1st
August 1996 The NYAB crystal, dimensions 3mm x 3mm x 2mm, was cut at the type I phase-matching angle for second harmonic generation at 1.063pm (On? = 32.9'). The experimental setup is s8hown in Fig.   1 . The fibre-coupled laser diode used was an SDL-2:372-P2 (Spectra Diode Laser Labs),which has a 2 1 3 0 p core fibre with a -36"
half widi-h at ]/e2 of the peak intensity and a maximum CW output power of -1.2W. The emission wavelength of the diode laser was tuned by controlling the operating temperature control system to match the laser wavelength to the absorption peak of NYAB. The plarioconcave configuration of the resonator consisted of one planar crystal surface, high-reflection coated at I . 0 6 3 p and 0 . 5 3 2~ and high-transmission coated at 0 . 8 0 8~ for the pump light to enter the rod, and a spherical output mirror. The second surface of the crystal was antireflecion coated at 1 . 0 6 3 p and 0 . 5 3 2~. An ouput mirror with a curvature of lOcm was used and the reflectivities of the mirror were 90.9% and <lo% for 1.063pn and 0 . 5 3 2~, respectively. The mirror was mounted approximately 5cm from the planar reflecting facet. This design yields a 0.13mm TEM", spot size.
The brightness of a single fibre-coupled laser diode (several tens of kW/cm2.sr) is two orders of magnitude less than that of the source diode (several MW/cmz. sr) [5] , Therefore, the characteristic of the pump-beam quality should be taken into acvount in determining the optimum pump condition of the fibre-coupled laserdiode pumped lasers. Including the eiTect of the pump-beam quality, the normalised spatial distribution of the pump 'enerjg can be described by [6, 71 On the basis of the paraxial approximation, w, , (z) := o,,, +O,,lz-z,l. Here cop,> is the radius at the waist, O,, and z,, are the far-field halfangle and focal plane of the pump beam in the active medium. The brightness theorem gives a relationship nO,,w,,<> = C, where C is a constant that is a characteristic of the beam quality and n is the refractive index for the pump beam. For a fibre-coupled diode, the No. 16
